Rootstock hydraulic properties are probably the keys to drought or waterlogging resistance. This work evaluates the effects of two rootstocks (110R, SO4) and two irrigation levels (ET0, 0,5 ·ET0) on the hydraulic architecture of Tempranillo. The experiment was carried out on potted plants near Barcelona (Spain). Hydraulic resistance in trunks was measured by low pressure method and using a High Pressure Flow Meter (HPFM). The trunks of Tempranillo grafted onto 110R showed a lower resistance than the ones grafted onto SO4. The grafting point showed a higher resistance than the cultivar segment and the rootstock segment. HPFM results were more consistent than low-pressure measurements.
INTRODUCTION
Roots are the interface between plant and soil. Plants grow and develop from nutrient and water uptake in the soil. Then root characteristics play an important role in the way plants adapt to the environmental conditions and develop the aerial parts. Grapevines, especially in Europe, are grown grafted onto rootstocks. Rootstock selection is one of the most important factors when a new vineyard is planned. It would depend on many factors such as cultivar affinity for the rootstock, pests' resistance, and adaptation to soil conditions of drought, salinity or waterlogging, all depending on the geographical situation of the vineyard and the climatic conditions. Due to the difficulties of working with root systems the knowledge on root is scarce. Frequently, rootstock characteristics have been established more or less empirically, working with whole vines in the vineyard. Therefore a lot of work has to be done to improve the background on the root functions. Most of the studies on root systems have been performed in order to describe root growth and turnover (Mullins et al., 1992) . Those studies show how roots basically grow from just before spring sprout up to anthesis and in a second moment, after harvest and up to leaf fall (Araujo and Williams, 1988) . Root density and distribution depends on the combination of rootstock and cultivar and on the edaphoclimatic conditions (Southey and Archer, 1988 ; Swanpoel and Southey, 1989 ; Williams and Smith, 1991) . The relationship among growth rates and water uptake has not been directly described, but is clear that soil type, water availability and vineyard management affect root distribution and therefore water uptake. Root and xylem hydraulic conductivity also play a key role in plant water use efficiency. Plant conductivity is the result of xylem anatomy and a combination of three different water pathways: apoplastic transport (Tyree 2003), simplastic transport, and the transcellular pathway trough aquaporins (Tyerman et al., 2002) . In some experiments the conductance of the whole root in vines (Peterlunger et al., 1990) or other species (Ramos and Kaufmann, 1979) have been measured with the pressure chamber method, but few of them have been performed using the HPFM (Basile et al., 2003) . HPFM offers advantages in front of the pressure chamber method: with the HPFM whole root systems can be measured faster than with the pressure chamber method, while they are still within the soil, with independence of their size and without disturbing them. In the last years some of the knowledge about water transport has been described for grapevines (Sperry et al., 1988 ; Schultz, 2003 ; Tyree, 2003 ; Schubert and Lovisolo, 2004) . In particular, root hydraulic conductance has been correlated to vigour, growth and water use efficiency (Peterlunger et al., 1990) . Xylem anatomy (i.e. vessel length, diameter and distribution) is a key point for hydraulic conductance (Tyree and Zimmermann, 2002) . In grapevines, leaf specific conductivity is lower in nodal segments than in internodal segments of shoots. The nodes could thus be regarded as hydraulic constriction zones in the stem (Salleo et al., 1982) . Grafting often can have lower hydraulic conductance than the cultivar thus, it can reduce the whole hydraulic conductance, as it happens in grapevine (Bavaresco and Lovisolo, 2000) or apple (Atkinson et al., 2003) .
110R and SO4 are two widely used rootstocks with different drought resistance, in general 110R has been classified as drought tolerant while SO4 has been classified among the less drought resistant rootstocks (Martínez et al., 1990 ; Pongrácz, 1983) . Although, Carbonneau (1985) classified a group of 26 vine rootstocks depending on their drought tolerance, using the values of stomatal conductance multiplied by the total leaf area, and in that experiment he ascribed to SO4 a 73 % of the 110R values while the less drought tolerant rootstocks had values only the 36 % of 110R, thus, he classified the SO4 as intermediate drought tolerant rootstock.
The aim of this work was to compare the effect of 110R and SO4 on the hydraulic resistance of whole vines, submitted to two different water regimes. The experimental efforts were focused in the relationship between rootstock and cultivar and on the effect of the grafting point as a bottleneck in this transport.
MATERIALS AND METHODS
The experiment was carried out during year 2004, in IRTA Cabrils (41.5ºN, 2.38ºE, 82 meters high from sea level). We studied four years old vines (Vitis vinifera cv. 'Tempranillo') grafted on 110R and SO4 and grown in 50L containers. During 2002 During , 2003 During and 2004 , the plants had been submitted to two different irrigation doses (corresponding to 50 % and the 100 % of the calculated balance ET0 -rainfall) from full bloom to harvest. During the rest of the year, the irrigation corresponded to the 100 % of the same balance for all plants. The doses were updated every three days from Cabrils weather station data. 7 to 8 potted plants of each treatment (rootstock x irrigation dose) were taken to the lab. Each plant was cut 10 to 15 cm below the graft. Immediately, root system was connected to a High Pressure Flow Meter (HPFM) (Dynamax Inc. Houston TX, USA). We performed a transient measurement of whole root system hydraulic conductance (KR) with the HFPM technique (Tyree et al., 1995) (see figure 1 for details). Then, trunk was cut 10 to 15 cm above the graft and we performed transient measurements of the whole trunk hydraulic conductance, which is the parallel sum of the conductance of trunk below the grafting point (KRT), the grafting point (KGP), and the segment of cultivar trunk over the grafting point (KCT) or the series sum of the resistances of the trunk below the grafting point (RRT), the grafting point (RGP), and the segment of cultivar trunk over the grafting point (RCT). Just after this, the same whole trunk was measured with the low pressure method (LPFM) (Sperry et al., 1988) . After this measurement, the segment of cultivar trunk above the grafting point was cut away and we performed a transient measurement of the conductance of the remaining portion (the KRT plus the KGP). Finally the grafting union was removed and the KRT was measured with both methods. Once all measurements were obtained, we calculated the inverse of K values to obtain the resistances (RT: trunk resistance, RRT: rootstock trunk resistance, RGP: grafting point resistance and RCT: cultivar trunk resistance (MPa.s.Kg -1 )) and since RT is the sum of the resistance of the different segments in series (RT = RRT+ RGP + RCT) we could calculate each single resistance for both methods.
HPFM and LPM are both methods used for measuring xylem hydraulic conductance. With HPFM water is flushed into the sample with the pressure increasing at a constant rate from 0 to 500 kPa; water flows into the sample and the applied pressure is measured every two seconds. K is then calculated as the slope of the plot of the water flow (φ) versus the pressure (P), On the other hand, LPFM measures K at very low pressure (5 kPa) and water circulating through xylem is measured gravimetrically. HPFM provides a quick measurement of the K and whole root systems or whole plants can be measured with this method, which is not possible with the LPFM. Also, the HPFM minimizes the effects of shoots and roots capacitance and the effects of changes osmotic water potential in roots (Tsuda and Tyree, 2000) . LPFM, though, is more suitable for measuring embolism. In the case of trunk segments both methods can be used and then compared. From the roots to the cultivar trunk, the conductance of the measured vine fragments (root, rootstock trunk, grafting union and cultivar trunk) are arranged in parallel while resistances are in series so we expressed all results in terms of resistance to simplify the calculations.
On 27th of August the root biomass of 4 plants per treatment was measured. It was determined washing the roots carefully with tap water and weighting after drying them at 65 ºC in an oven for a week. Harvest was on the 13th of September, in that moment we obtained yield per vine (kg·vine -1 ) in 4 randomly chosen plants. Leaf area was measured using a DIAS (Delta-T Devices). The statistical analysis of data was conducted using the proc GLM of the SAS System for Windows 8.02. Analysis of variance was used to test rootstock and irrigation effects. Mean separations were calculated using a Duncan's multiple range test, P ≤ 0.05, when appropriate.
RESULTS
Root hydraulic resistance measured with HPFM showed significant differences between rootstocks, but not between water regimes, with 110R offering the highest resistance to water flow (figure 2). We have found no influence of the irrigation dose in root resistance.
On the contrary to what happened with the root system, RT was lower in 110R than SO4 (figure 3). Again, there were no significant differences between water regimes. Absolute values of RT and RR cannot be compared because we did not measure the whole shoot, only the trunk portion (figure 1), as a comparison with the whole root system, but in terms of general behavior they can be compared and contrasted.
From the three segments of the trunk that we measured, no significant differences between rootstocks nor Dessin représentant les organes de la vigne où on a mesuré la résistance hydraulique.
Sh : branches et sarments ; T : tronc ; Ct : tronc du cultivar ; GP : point de greffage ; Rt : tronc des racines ; R : racines.
Figure 3 -Trunk hydraulic resistance, RT (MPa·s -1 ·kg -1 ) for the four treatments: rootstock (110R and SO4) x irrigation dose (100 % and 50 % ET0).
Values are mean of 5-8 values for each treatment (rootstock x irrigation dose) and the bars represent standard error.
Résistance hydraulique du tronc, RT (MPa·s -1 ·kg -1 ) de chaque traitement : porte-greffe (110R et SO4) x dose d'irrigation (100 % et 50 % ET0).
Les valeurs sont la moyenne de 5 -8 échantillons par traitement (porte-greffe x irrigation) et les barres représentent l'erreur standard.
Figure 4 -Grafting point hydraulic resistance, RGP (MPa·s -1 ·kg -1 ) for the four treatments: rootstock (110R and SO4) x irrigation dose (100 % and 50 % ET0).
Values are mean of 5-8 values for each treatment (rootstock x irrigation dose), and the bars represent standard error.
Résistance hydraulique du point de greffage RGP (MPa·s -1 ·kg -1 ) de chaque traitement: porte-greffe (110R et SO4) x dose d'irrigation (100 % et 50 % ET0).
Les valeurs sont la moyenne de 5-8 échantillons par traitement (porte-greffe x irrigation), et les barres représentent l'erreur standard.
Figure 2 -Root hydraulic resistance RR (MPa·s -1 ·kg -1 ) for the four treatments: rootstock. (110R and SO4) x irrigation dose (100% and 50% ET0).
Each value is the mean of 7-8 samples and the bars represent the standard error.
Résistance hydraulique des racines RR (MPa·s -1 ·kg -1 ) de chaque traitement: porte-greffe (110R et SO4) x dose d'irrigation (100 % et 50 % ET0).
water regimes were observed in RCT or RRT, whereas grafting point resistance RGP was significantly lower in 110R than in SO4 ( figure 4) .
Leaf area at the end of season and yield at harvest were both significantly affected by the irrigation dose, being always bigger the values corresponding to the highest irrigation dose. Besides this, leaf area for plants grafted on 110R and sumited to the highest irrigation regime was significantly higher than those in the rest of treatments (table I) . On the other hand, root biomass was not affected by the irrigation regime but for the rootstock effect; roots of 110R were significantly higher than roots of SO4 (table I) .
We observed a significant positive correlation (P ≤ 0.05) between root biomass and whole root hydraulic resistance measured with the HPFM (figure 5).
Hydraulic resistance of plant segments measured with the HPFM and with the LPFM showed a significative correlation (P ≤ 0.05) (figure 6). In order to compare the accuracy of the methods, we calculated the coefficient of variation (CV) for the results obtained in several sets of samples with both methods (table II) .
DISCUSSION
In our experiment, 110R was the rootstock which offered the highest root hydraulic resistance (figure 2). According to literature (Martínez et al., 1990 , Pongrácz, 1983 , 110R confers to the grafted cultivar better resistance to water shortage than SO4. Galet (1985) also mentioned the 110R drought resistance, and Carbonneau (1985) stated a better drought resistance to drought in 110R than SO4, but being the latter quite tolerant. Higher hydraulic resistance may represent an advantage under water deficit condition, allowing water saving, whereas a lower resistance can mean faster water depletion. This adaptation mechanism allows plants to survive drought (Sperry, 2000 ; Comstock, 2002 ; Domec et al., 2004 ; Trifilo et al., 2004) . Xylem anatomy is partially determined by constitutive traits (genetics) and partially as a response to environment. Since we did not found influences of the irrigation dose in root or trunk resistances, but we did found differences due to rootstock (figs. 2 and 3), we think that changes in xylem structure due to water stress have not occurred during the three years of treatment. On the other hand, we found significant differences between treatments in grape production and total leaf area, being always bigger for the biggest irrigation dose (table I) . Irrigation dose affected the development of leaves and grapes but it did not affect root and trunk xylem structure. 'Tempranillo', under mild drought conditions showed a mechanistic response, reducing growth and yield, but the imposed stress was not enough to modify xylem vessel characteristics. We observed that for these two rootstocks the bigger is the root the more resistance it offers to water flow ( figure 5) . Hence, the increase in hydraulic resistance is explained mainly by the development of bigger roots, even when their growth is restricted by the container. As it has been exposed before, the higher drought resistance known for 110R may be due to a higher RR. This higher resistance in combination with a bigger root volume (May, 1994) may explore bigger soil volumes and give an advantageous adaptation to the plant under dry soil conditions. This idea is also reinforced by the fact that V. berlandieri x V. rupestris crosses, 100R among them, are strong and deep growing and in opposition to this, the SO4 is known to have a shallow root system and to not adapt well to deep and dry soil (Shaffer et al., 2004) .
The absence of significant differences among 110R and SO4 in RCT or RRT leads us to the conclusion that the RGP is the responsible for the difference in RT between rootstocks. The grafting point is a bottleneck in the water transport from roots to shoots. It means that this structure anatomy reduces the water flow from roots to stem, which both have lower hydraulic resistance, as it has been described by Bavaresco and Lovisolo (2000) and Atkinson et al. (2003) . In some cases is known that the callus that is formed in the grafting point may promote the strangulation of the cultivar along the three first years after the plant. So the study of this structure is a key point for a better knowledge of water transport in grafted cultivated species.
The LPFM method is widely used in measures of embolism in shoots of different species (Tognetti et al., 1998 ; Lovisolo et al., 2002 ; Vilagrossa et al., 2003) . As the correlation among the K measured with the HPFM and with the LPFM is significative, we consider that HPFM values are acceptable to measure the K, even the HPFM lightly underestimate the values of K in comparison to those obtained with the LPFM (figure 6).
In general, coefficient of variation is higher in the results obtained with LPFM than in those obtained with HPFM for the same group of samples. The variability due to plant material must be the same in both set of results, as the samples measured are the same; then, the difference in the CV among methods must be due to the accuracy of the method. This indicates that HPFM method produces less experimental variability than LPFM method (table II) .
CONCLUSIONS
From all these results we concluded that root hydraulic resistance is a very important and determinant point for the regulation of vine water relations. Grafting point offers a high resistance to water flow from roots to cultivar that can be a bottleneck to evapotranspirative flow. In this way we go on working to increase the knowledge about the effects of interactive actions among hydraulic resistance, biomass and other root properties and mechanisms with vine water balance, and the effects of grafting point over all this parameters. Chaque point c'est le valeur pour la même échantillon mesuré avec les deux méthodes.
